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The recent high precision maps of cosmic microwave anisotropies combined with measurements of 
the galaxy power spectrum from new large-scale redshift surveys have allowed stringent bounds on 
the sum of the neutrino masses to be placed. The past analyses, however, have implicitly assumed 
that the spectrum of primordial density fluctuations is adiabatic and coherent, as predicted in the 
simplest models of inflation. In this paper, we show that the limits hold even if the assumption on 
the primordial power spectrum is relaxed to allow for a contribution of nonadiabatic, incoherent 
fluctuations such as would be predicted by topological defects. 

PACS numbers: 98.80.Cq 



I. INTRODUCTION 

Recently, there has been a lot of progress in neutrino 
physics. Measurements of solar and atmospheric neu- 
trino fluxes have yielded tight bounds on the mass dif- 
ferences between the different neutrino mass eigenstates 
(see e.g. [1] for recent reviews). The bounds on the ab- 
solute masses from direct measurements, however, are 
much weaker. Currently, the bounds on the absolute 
neutrino masses coming from indirect cosmological con- 
siderations are much stronger. In particular, given the 
recent high precision data on cosmic microwave back- 
ground (CMB) anisotropies and the increased informa- 
tion about the galaxy power spectrum based on the re- 
cently completed large-scale galaxy redshift surveys, it 
is possible to deduce tight bounds on the sum of the 
neutrino masses [2]. These analyses, however, make use 
of certain assumptions about the evolution of the early 
Universe. Specifically, they make use of theoretical pre- 
dictions for the power spectra of the galaxy distribution, 
derived under the assumption that the primordial spec- 
trum of cosmological perturbations was purely adiabatic 
and coherent, as predicted in simple single field models of 
inflation. In this paper we show that the bounds derived 
in [2] are robust against the addition of a contribution 
to the primordial power spectrum which is nonadiabatic 
and incoherent, namely a contribution coming from a dis- 
tribution of topological defects. 

The cosmological limits on the sum of the neutrino 
masses are derived by combining the high precision 
data of CMB anisotropies with the measurements of the 
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galaxy power spectrum which have recently improved in 
accuracy upon completion of the 2dF (two degree field) 
large scale structure survey. Given the assumption that 
the primordial power spectrum is purely adiabatic and 
coherent (as predicted in simple single scalar field mod- 
els of inflation), the CMB angular power spectrum deter- 
mines to good accuracy the slope of the primordial power 
spectrum and the cosmological parameters (see e.g. [3] 
for recent reviews). The most sensitive dependence on 
the neutrino masses comes from the smallest scales, those 
which arc not (yet) probed by CMB anisotropies but 
rather by the galaxy power spectrum. The reason for 
this dependence lies in the phenomenon of neutrino free 
streaming [4]. Because of their small mass, the neutri- 
nos have large velocities at t eq , the time of equal matter 
and radiation. Hence, neutrino density perturbations on 
comoving scales smaller than the neutrino free stream- 
ing length (the distance the neutrinos travel in one Hub- 
ble expansion time) at t eq are suppressed (the suppres- 
sion factor increases exponentially as a function of the 
wavenumber). Hence, if the contribution of the neutrinos 
to (the energy density in units of the critical density) 
is too large, there will be insufficient power to explain 
the observed magnitude of the galaxy power spectrum. 
A lower bound on the galaxy power spectrum thus trans- 
lates into an upper bound on the contribution of neutri- 
nos to f2, and thus to an upper bound on the sum of 
the neutrino masses. Note that the most stringent con- 
straints come from the smallest length scales for which 
the galaxy power spectrum can be reliably determined. 

However, the assumption that the primordial spectrum 
of fluctuations is purely adiabatic and coherent is a very 
restrictive one. Even in the context of scalar field driven 
inflationary cosmology, as soon as one considers models 
with more than one scalar field, it is possible to obtain 
a contribution of entropy fluctuations [5]. Many infla- 
tionary models based on grand unified theories (see e.g. 
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[6]) or on the brane inflation scenario (see e.g. [7]) pre- 
dict a contribution to the power spectrum from cosmic 
strings, yielding a contribution of isocurvature and inco- 
herent fluctuations. It has been known for a long time 
[8, 9] that the transfer function which relates the pri- 
mordial power spectrum to the present power spectrum 
changes dramatically on small distance scales if a con- 
tribution of seed perturbations such as those created by 
cosmic strings is added. The basic point is that the cos- 
mic strings constitute density fluctuations seeds which 
are not erased by neutrino free streaming. Thus, in a 
seed model, the accretion of neutrinos on small scales 
is delayed (and thus reduced in amplitude) but not pre- 
vented. Hence, it appears at first sight that even a small 
addition of cosmic string seed fluctuations to the pri- 
mordial power spectrum might dramatically loosen the 
cosmological bounds on the sum of the neutrino masses. 
Here, we shall demonstrate that this is in fact not the 
case. 

The outline of our analysis is as follows. We will 
first consider the largest contribution of cosmic strings 
to the angular power spectrum on large angular scales 
which is consistent with the current data on CMB 
anisotropics, making use of the recent Wilkinson Mi- 
crowave Anisotropy Probe (WMAP) results [10]. This 
result will then determine the contribution of the cosmic 
strings to the mass power spectrum. In this context, it 
is important to take into account the fact that the per- 
turbations produced by the strings are isocurvature in 
nature (as emphasized e.g. in [11]). This will effect the 
ratio of their contributions to the angular CMB power 
spectrum and the matter power spectrum. We then use 
the (approximately) known transfer function for strings 
and cold dark matter (which is larger on small scales than 
the standard transfer function for adiabatic fluctuations 
with cold dark matter) to estimate the total matter power 
spectrum on small scales, and analyze whether the loss 
of power on small scales when increasing the neutrino 
contribution to £1 can be compensated by the increase 
in power coming from the presence of cosmic string seed 
perturbations. 



II. ANALYSIS 

The recent WMAP data on the angular power spec- 
trum of CMB anisotropies has mapped out with high 
precision the region of the power spectrum correspond- 
ing to the first acoustic peak. This peak is narrowly 
centered at a value I = 220 ± 1 [10], in good agreement 
with a cosmology in which the Universe is spatially flat 
and the primordial spectrum of fluctuations is coherent 
and adiabatic. Cosmic strings, on the other hand, give 
rise to isocurvature fluctuations which are incoherent. As 
a consequence, there are no marked acoustic oscillations 
in the angular power spectrum [12, 13, 14, 15], but only 
a fairly broad Doppler peak [16]. Thus, the present data 
tightly constrain the maximal contribution of strings to 



the angular power spectrum of CMB anisotropies on large 
angular scales. 

Since the theoretical predictions for the spectrum of 
CMB anisotropies resulting from cosmic strings in the 
acoustic peak region are quite uncertain, the bounds on 
the contribution of cosmic strings to the CMB angular 
power spectrum on large scales are also not certain. Dif- 
ferent investigations have yielded bounds between 1% 
[17] and 10% [18] (see also [19]). We will denote the 
upper bound as /. 

We will assume that the fraction Jcdm of the dark 
matter is cold, and the rest hot. There are two sources 
of fluctuations, the conventional adiabatic perturbations 
(e.g. produced by quantum fluctuations during inflation) 
and the cosmic strings. We will assume that the cosmic 
strings arc not correlated with the inflationary perturba- 
tions. In this case, the cross terms (between the string 
fluctuations and the adiabatic perturbations) to the an- 
gular CMB power spectrum and to the mass power spec- 
trum vanish, and the mass power spectrum P{k) calcu- 
lated in linear cosmological perturbation theory can be 
written as 

P(k) = (1 - f)P a (k) + fPcs(k) , (2.1) 

where P a and Pes are the power spectra for a pure adia- 
batic model and a pure cosmic string model, respectively. 

Since the tightest constraints on the fraction of hot 
dark matter come from the observed power spectrum of 
matter on the smallest scales for which linear perturba- 
tion theory is adequate and for which observational re- 
sults are robust, we will in the following focus on these 
scales. For these scales, the contribution of hot dark 
matter to the matter power spectrum for adiabatic fluc- 
tuations is negligible, and thus 

P a (k) ~ f 2 CDM P {k) , (2.2) 

where Po is the power spectrum of the current concor- 
dance model (scale invariant adiabatic fluctuations in the 
ACDM model [31]). The result (2.2) is not exact for two 
reasons: first, since cold dark matter does cluster about 
the primordial perturbations, neutrino free streaming de- 
lays but does not totally prevent the clustering of neu- 
trinos. This effect would lead to a spectrum larger than 
given in Eq. (2.2). On the other hand, the local cluster- 
ing of the cold dark matter occurs as if the Universe were 
slightly open. This effect tends to reduce the spectrum 
from the result (2.2). However, both of these effects are 
small if the fraction of hot dark matter is not too large. 
Even if we use the exact transfer function of adiabatic 
fluctuations [20], the final result does not change signifi- 
cantly. 

On small scales, the transfer function for a model with 
cosmic strings and cold dark matter is different from the 
transfer function in the concordance model [21]. The 
transfer function is, in fact, much larger. Thus, as noted 
in [21], a pure cosmic string model which is erg-normalized 
(i.e. normalized such that the power spectrum on a 
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length scale of 8/i _1 Mpc agrees with observations) pro- 
duces too much small scale structure. Hot dark matter 
clustering onto cosmic string loops, on the other hand, 
is delayed but not prevented. Thus, the hot dark matter 
power spectrum in a cosmic string model on small scales 
is not exponentially suppressed. However, the hot dark 
matter cosmic string power spectrum on small scales is 
much smaller than the cold dark matter power spectrum, 
so that to a good approximation we can use 



Pcs(k) ~ fc DM P(o,cS) , 



(2.3) 



where Pro,cs) denotes the power spectrum in a pure cos- 
mic string model with cold dark matter and the current 
concordance parameters. 

The question we would like to ask is whether the con- 
tribution of cosmic strings to the power spectrum, given 
by Eqs. (2.1) and (2.3) is large enough to compensate 
for the loss in small scale power from the adiabatic fluc- 
tuations [given by Eq. (2.2)] if fcDM < 1 and to render 
the theory compatible with observations. More specifi- 
cally, we are interested in finding the smallest value of 
the cold dark matter fraction /cdm for which the the- 
oretical power spectrum P(k) exceeds the observational 
result P b s (k), i.e. 



P(k) > P obs {k) 



(2.4) 



on the smallest scales for which high quality observational 
results exist and for which we can trust the results of 
linearized perturbation analysis, namely k = 0.2/iMpc -1 
[22].. 

The results of [23] indicate that on scales of ft = 
0.2/iMpc _ the cosmic string cold dark matter power 
spectrum P(o,CS) does not exceed the adiabatic cold dark 
matter spectrum Po(k) by more than a factor of 2. In 
fact, even on scales as low as l/i _1 Mpc, the difference 
is not more than a factor of 10. The results of [23] are 
for models without a cosmological constant. However, 
as demonstrated in [24], on the smaller scales of rele- 
vance here, the matter power spectrum does not depend 
on the value of the cosmological constant in a signifi- 
cant way, and thus we can make use of the results of 
[23]. On the other hand, it is well known that the per- 
turbations seeded by strings are isocurvature in nature 
(see e.g. [11]). For isocurvature fluctuations, the CMB 
temperature anisotropics on large scales are given by 
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(2.5) 



where $ is the relativistic gravitational potential (see e.g. 
[25]) which determines the magnitude of the mass per- 
turbations. This is to be compared with 
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(2.6) 



in the case of adiabatic fluctuations. Thus, if we nor- 
malize the power spectrum by the CMB anisotropies on 



large angular scales, the cosmic string power spectrum on 
large scales is a factor of 36 smaller than the power spec- 
trum for adiabatic fluctuations. Hence, we see that on 
scales relevant to the large-scale structure, the decrease 
in the matter power spectrum which results from the ad- 
dition of strings as a secondary source of cosmological 
fluctuations far exceeds the increase which is obtained 
by the change in the transfer function. Using the opti- 
mistic value 2 for the increase in the power due to the 
change in the transfer function on the relevant scale of 
k = 0.2/iMpc _1 , we conclude that in a model with both 
cosmic string and adiabatic scale-invariant fluctuations 

P(k) = (l-f)P a (k) + fP cs (k) 

< (1 - .f).f 2 CD M Po(k) + ff CDM l Po (k) 



36 



(2.7) 



< fcD M Po(k). 

In a model with only adiabatic perturbations, the up- 
per bound on the sum of the neutrino masses obtained by 
combining the large-scale structure and CMB data comes 
from demanding that 



P(k) > Pi(k) : 



(2.8) 



where Pi(k) is the observational lower bound on the mass 
spectrum. Since in this case 

P(k) ~ f 2 CDM P {k) , (2.9) 

and knowing that the Po(ft) fits the date well, this gives 
a lower bound on fcDM which is equivalent to an upper 
limit on the sum of the neutrino masses. 

Combining these last three equations, we conclude that 
the inclusion of a contribution of cosmic strings to the 
primordial power spectrum does not lead to a relaxation 
of the cosmological bounds on the sum of the neutrino 
masses. 



III. DISCUSSION 

In this paper we have shown that the current cosmo- 
logical neutrino mass limits, which were derived under 
the assumption that the spectrum of cosmological per- 
turbations is purely adiabatic, are robust against the ad- 
dition of the maximal contribution which cosmic strings 
could make to the primordial power spectrum. A pri- 
ori, this is not obvious, since cosmic string seeds sur- 
vive neutrino free streaming and, therefore, clustering on 
small scales (scales which yield the tightest constraints 
on the neutrino masses) is not prevented but only de- 
layed. However, if the power spectrum is normalized by 
the large-scale CMB anisotropies, then the contribution 
of strings to the matter power spectrum is suppressed by 
a factor of 36 since the primordial string perturbations 
are isocurvature instead of adiabatic. 

To obtain the above result, we have assumed that the 
string-induced fluctuations and the adiabatic perturba- 
tions are statistically uncorrelated. If they were corre- 
lated, a cross term in the power spectrum would appear 
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which would only be suppressed by a factor of 6. We 
have also assumed that bias is unimportant, i.e. that 
the observed galaxy correlation function equals the cal- 
culated matter power spectrum. However, in a cosmic 
string model we expect significant biasing (in particular 
in a model in which the dark matter has a significant 
component of hot matter). However, in the absence of a 
better understanding of the dynamics of cosmic strings 
(in particular whether string loops [26] or string wakes 
[27, 28, 29] are dominant), no firm conclusions can be 
drawn. 

Even if it turns out that the addition of a cosmic string 
component to the primordial power spectrum does not 
change the cosmological neutrino bounds, this addition 
will be important for many cosmological issues, in par- 
ticular for early structure formation [30] and reionization 



[17]. 
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